INTRODUCTION
Climate change due to greenhouse gases (GHG) has been at the forefront of current research efforts in the past decade (IPCC-WGI 1996a , 1996b . The aim of these efforts was defined at the Earth Summit in Rio de Janeiro as achieving "stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous anthropogenic interference with the climatic system". This statement of purpose clearly recognizes that some change is inevitable and acceptable as long as it is not considered dangerous. However, the real challenge is to predict how GHGs interfere with the climatic system and what impacts will result. In this context, several modeling approaches have been used to simulate climate conditions under increased CO 2 concentration. The models vary from simple upwelling diffusion-energy balance models to complex General Circulation Models (GCMs) with atmospheric and ocean modules (AOGCM) (IPCC-WGI 1996a) . However, many aspects, critical to climate modeling, are still not fully understood including cloud physics, aerosol effect, and atmosphere-ocean interaction among other processes (IPCC-WGI 1996a , IHS 1999 .
A critical factor hindering the development of accurate predictions for future weather is the uncertainty inherent in estimating GHG emissions and concentrations. In addition to GHG concentrations, several other factors are important for climate modeling such as aerosol concentrations. The localized cooling effect of aerosols is considered as an important aspect that cannot be neglected in climate change models (IHS 1999 , IPCC-TGCIA 1999 , IPCC-WGII 1997 . Despite uncertainties, GCMs depict certain trends that are useful in analyzing vulnerability and setting guidelines for potential adaptation measures. GCM simulations generally indicate increasing global temperatures leading to a more active hydrologic cycle. An increase in the hydrologic cycle activity denotes increasing global evaporation and precipitation. For the Middle East, GCM simulations indicate higher future temperatures that will increase evapotranspiration and changes in climate patterns that might reduce rainfall in the region as a whole (IPCC-DCC 1999 , IPCC-WGI 1996a . This paper evaluates climate change scenarios for the Middle East. For this purpose, simulations from several GCMs were used. Socio-economic implications of the projected impacts are outlined and adaptation measures are addressed in the context of regional characteristics. 1998). However, the high rate of climate change and its cumulative effect might pose serious problems. Some biophysical and socio-economic impacts on water resources expected with a potentially changing climate are summarized in Table 1 . (Figure 1 ). While Turkey is the source of a significant amount of water flowing into Iraq and Syria, it is not addressed in this study due to climatic and hydrologic differences with the countries under consideration. The Middle East and North Africa, with water resources of less than 1,000 m 3 per capita in 9 out of 14 countries, is the part of the world where water scarcity is the most severe and precarious (Berkoff 1994 , ESCWA 1996 , ESCWA 1999 , Postel 1993 . Water shortage and uneven distribution of water supply are exacerbated by the rapid demographic and economic development in the region (Figure 2 and Table 2) increasing water demand at a relatively high pace. Iraq is the only other country in the Middle East that appears to have sufficient water resources at present. However, unlike Lebanon, Iraq is at the disadvantage of procuring more than two-thirds of its water resources as river flows from Turkey (Berkoff 1994 (Berkoff 1994 , ESCWA 1999 , FAOSTAT 1999 , El-Fadel et al. 2000 (Berkoff 1994) . Projections indicate significant water shortages in the future for most countries in the region (Table 3) . Only Iraq would have adequate resources to cover its demands; however, recent Turkish projects on the Euphrates and Tigris rivers threaten to reduce Iraq's supplies significantly. Table 3 depicts the baseline conditions neglecting the effects of potential climate change. These estimates do not account for potential increased capacity in desalination or wastewater reuse. The ranges presented rely on varying assumptions of demographic growth, water use variation, water resources management reform, etc. Table 4 depicts water demand growth for the countries under study. Note that agricultural demand accounts for 84 percent (30 to 88 percent for the individual countries) of the water demand in the region. Table 3 . Annual water resources in some Middle Eastern countries (Berkoff 1994 , Shuval 1994 , FAO 1997 , ESCWA 1999 , Alatout 2000 , Amery 2000 , El-Fadel et al. 2000 , Lithwick 2000 , Shannang and Al-Adwan 2000 Current (Berkoff 1994 , ESCWA 1999 , FAOSTAT 1999 , MFA 1999 , EL-Fadel et al. 2000 
CLIMATE CHANGE IMPACTS ON WATER RESOURCES IN THE MIDDLE EAST
It is often assumed that since the Middle East region has very scarce water resources and an arid climate, the impact of climate change would be negligible (IPCC-WGII 1996) . However, as noted before, water resources in the region are under a heavy and increasing stress. Any alteration in climatic patterns that would increase temperatures and reduce rainfall would greatly exacerbate existing difficulties. The general approach used for assessing the impacts on hydrologic regimes is to obtain climate data (representing various assumptions concerning projection period, GHG growth assumptions, etc.) from GCMs and RCMs and use them as input to basin hydrologic models. However, if long-term data on rainfall-runoff correlation and basin water balance are not available, complex hydrologic models should be avoided (IHS 1999 , IPCC-WGI 1996b , Strzepek 1998 . Such data are unfortunately missing or unavailable in almost all the countries under study (Lonergan and Brooks 1994, IDRC 2000) . While data are available for some major basins, data collection programs are recent and do not have the time span that allows reliable statistical correlations of inputs (precipitation, runon, etc.) and outputs (runoff, evaporation, etc.) to be developed for extreme conditions. Therefore, potential climate change impacts are evaluated using GCM simulations.
Several GCMs have been used to model future climate for the whole planet under varying scenarios. Recent efforts focused on setting standard scenarios and time-frames to ensure comparability of results from different GCM simulations (Strzepek 1998 , IPCC-WGI 1996a , IPCC-WGII 1997 . GCMs relative success in reproducing global weather patterns from past data is not necessarily an assurance that they will correctly predict future climate even at the global scale.
Climate change projections in the Middle East are compared using simulation results from four different GCMs (ECHAM4, HadCM2, CGCM1, GFDL) for the same set of assumptions (IS92a scenario). Both greenhouse gases and sulfur aerosols are accounted for in the GCMs and the projections available are for the 2020s climate conditions in comparison to the period 1961-1990.
The temperature change during the winter (January, February, March) and the summer (June, July, August), and the rainfall change during the wet season (October to April) as calculated by the different models for the countries under study are summarized in Table 5 . These results show minor changes in mean precipitation for the region, while temperatures are projected to increase in all seasons. Mean summer temperatures, already high in the region, will rise significantly (0.8-2.1 °C). Areas bordering the Mediterranean (Lebanon, Israel, Palestinian Authority, coastal Syria) would be the least affected. However, ground water aquifers in these areas will be under the hazard of increased seawater intrusion due to higher sea levels.
The discrepancies between predictions of different models reach a maximum 1.3 °C for Syria during the summer. However, the trend is clearly towards increasing mean temperatures. This will increase irrigation water demand due to higher evaporation. Extreme temperatures are predicted to increase more than mean temperature values. Increased temperature and evapo-transpiration coupled with constant precipitation are highly associated with desertification. Mean winter temperatures will also increase; however, the rise is lower than for the summer season. Higher winter temperatures will enhance evapotranspiration and reduce potential groundwater recharge. If the increased runoff due to sharper precipitation patterns is also considered, the net effect will be a reduction in groundwater recharge and hence in the baseline renewable water resources (Table 3) .
It is noteworthy that while most models predicted an increase in temperature, few reported an opposite trend. One particular study that coupled a nested regional model for the Middle East and southern Europe to a GCM predicted a decrease in temperature for the region ranging from 0 to 1 °C due to doubling CO 2 levels (Jones et al. 1997) . This was attributed to sulfur aerosols cooling effect. 
SOCIO-ECONOMIC IMPLICATIONS
One of the main targets of vulnerability studies is to relate potential impacts on biophysical environments to the socio-economic effects resulting from such impacts. The simplest approaches attempt to establish and assess the direct linkages between the biophysical setting and the economic activity. Consequently, the socio-economic impacts of potential changes in the biophysical setting are reported as percent variation in per capita GDP relative to a baseline scenario. Based on such methods, economic impact of climate change is estimated at 2 to 9 percent of annual national GDP for developing countries (IPCC-WGII 1997) in contrast to a 1 to 1.5 percent reduction in GDP for developed countries. The greater vulnerability of poorer regions to climate change is related to their high reliance on weather-related activities, particularly agriculture, and the low adaptation and damage restoration capacity (Tol 1996) . While there is a growing trend to estimate the impacts on welfare rather than the economy, it is difficult to compare broadly different impacts and to measure them on a single scale, even when the randomness and poor understanding of socio-economic systems are overcome.
It is widely argued that many consequences of climate change are not easily amenable to monetary valuation (IPCC-WGII 1997) . Examples of such consequences include loss of human life, loss of natural habitats, species loss, migration, and uneven resources distribution within a single country. Significant variations are noted when monetary valuation of such impacts is undertaken, thus resulting in differences in the estimation of financial losses. The assessment of the impacts of a 2.5 °C temperature increase due to CO 2 concentration doubling on US water resources is an example. Different studies evaluate the damages to range from 6.1x10 9 $ (Cline 1992) to 13.7 x10 9 $ (Fankhauser 1995) .
Even when the impact assessment is not narrowed down to an economic valuation, the structure of the economy and the related development level and population distribution characteristics are necessary for vulnerability studies. Figure 3 depicts the distribution of the 1998 economic activity between the sectors for the countries under consideration. The sectors considered are the industry, the agriculture and services that encompass everything else (example: banking, tourism). Note that data for Iraq and the Palestinian Authority are not available. After the gulf war, the nascent Iraqi industry was damaged and the economic activity in the country today mainly relies on oil exports, light industries, and agriculture. In addition to the three main sectors, the economic activity in the Palestinian Authority relies heavily on cash flow from workers in Israel as well as external international assistance. Economic analysis of climate change impacts can be considered at a macroscale (whole national or regional economy), a sectoral scale (economic sectors), or a project scale (effect on economic feasibility of a dam, for example). Water resources variations are assumed to impact water prices and agricultural water demand. Impacts on other economic sectors are usually indirect impact through the use of agricultural product and higher water prices. Since water price elasticity is very difficult to establish; extrapolation of current conditions without regard to potential novelties and discontinuities is often used.
This review will primarily present a qualitative assessment of expected welfare implications of climate change impacts on Middle East water resources. Economic modeling should address each country separately due to the variations in economic activity characteristics and relatively low economic integration in the region. Due to the semi-arid weather of the region, water can be a limiting factor for development. This indicates that potential welfare impacts could be high. Even Syria and Iraq that depend heavily on river flow from Turkey, could be seriously affected since trans-boundary water flow is expected to decrease as Turkey attempts to face its own water shortage problems in the future. The climate in Turkey could be characterized as semi-arid in vast regions of the country and demographic growth is expected to increase stress on water resources even if climate change is not considered.
International assessments of climate change impacts on the Middle East region often focus on the oil producing gulf countries. Some studies (Tol 1995) evaluate the cost of coastal defenses, dryland, wetland, and species loss, migration and natural hazards in the region to be insignificant. Other damages are assessed to have very low costs compared to similar costs in other regions of the world. Few studies described the climate change impacts on Middle East countries lying on the Mediterranean basin (Jeftic et al. 1996 , IPCC-WGII 1997 . Table 6 summarizes the expected extent of socio-economic impacts associated with climate change effects on water resources accounting for both the importance of the impact (for example, the increased agricultural demand per hectare of agricultural land) and the significance of the impacted sector (for example, the total agricultural water demand and part of the agriculture in the GDP). The assessment is qualitative and relies on literature addressing Middle Eastern countries considered here or countries with some similar characteristics.
Industrial water use is not significantly affected by climate change (Strzepek 1998) . Domestic water demand is negatively correlated with water prices and precipitation and positively correlated with ambient temperatures (Kindler and Russel 1984) . Temperature rise is expected to be highest in Syria, Iraq and Jordan while precipitation is not expected to be significantly reduced (Table 5) . Price variations are very difficult to forecast in the region since market mechanisms do not totally control prices in many of the countries under investigations. In addition, it can be argued that domestic water demand rise do not continually increase with temperatures for countries that already have relatively warm climates. Increase in domestic water demand is not expected to be significant in Jordan, Israel, and the Palestinian Authority since the climate in these countries is already arid and water prices are expected to increase significantly with demand increase. On the other hand, Syria, Iraq and Lebanon are expected to witness some increase in domestic water demand since the length of the dry period in these countries is likely to increase and elasticity of water prices with demand is lesser than for the other counties due to the relatively more abundant water resources.
Increases in agricultural water demand are expected to be significant in all countries. However, the sioco-economic impacts in Jordan are expected to be insignificant since agricultural activity in the country is very minor. Israel is expected to have some moderate impacts due to the low share of agriculture to its GDP (World Bank 1999) and the relatively high adaptation capacity correlated with the high per capita GDP of Israel. Lebanon, Syria, Iraq, and the Palestinian Authority will face harder challenges to mitigate decreased water availability impact on agricultural economy.
Unequal water resources distribution impacts are expected to be most severe for rural populations that rely on agricultural production and on small-scale water management networks (European Parliament 1999) . Hence, equity in water distribution is projected to decrease mostly in Syria, Iraq, Jordan, and the Palestinian Authority, where the large rural agricultural populations (Table 2) will be more affected than urban population. Lebanon and Israel have a higher percentage of urban population and less widespread rural populations that could be better served if their local water resources are depleted.
Floods can be divided into two categories: riverine floods (river overflow during thunderstorms or during the snow-melting season) and flash floods (due to severe thunderstorms causing great overland runoff). It is speculated that warmer ambient temperatures and higher evaporation rates will increase flood risk (Dracup and Kendall 1990) . Damage is not expected to be significant in Syria, Israel, Jordan, and the Palestinian Authority due to scarcity of rivers and the absence of major urban areas in the vicinity of water bodies. Lebanon has high average precipitation, many rivers, and many urban settings near major rivers (Example: the historical flood of the Abu-Ali river in Tripoli, Lebanon). These factors indicate a potential for increased damage from flood events relative to baseline conditions. Iraq has most of its urban and agricultural population (including the capital Bagdad) in the basins of the Tigris and Euphratis rivers and floods in these rivers can cause very significant social and economic damages. However, flood risk in Iraq will be highly dependent on upstream control and Turkish dam projects Alternatively, flood protection works will be costly and will incur economic damage to the country.
Impacts on water quality are very difficult to assess due to uncertainties in predicting the biological, physical, societal, economic, regulatory changes or adaptation measures that could affect the water environment. It is usually agreed that the impacts, if any, are mainly negative (Hanaki et al. 1998; Jacobi 1990) . A potentially high impact was noted in Table 6 for all countries since water quality is already a problem in most of these countries and a decrease in water resources is correlated with a lower dilution potential of existing pollution. Even in countries that have significant water treatment capacity, water treatment costs will rise and economic impact will ensue. In addition to economic impacts, water quality deterioration could results in environmental damages and aquatic species loss. Water quality could also be affected by rising sea levels since many countries rely heavily on groundwater resources and groundwater salinity is expected to rise due to an increase in sea water intrusion.
Hydropower loss is usually a concern in regions with high proportion of Hydroelectric to total electric power (Gleick 1990 ). These proportions are insignificant in all countries since hydropower resources are scarce and untapped in the region. Lebanon is an exception as it has several hydropower plants and plans to build other ones (El-Fadel et al. 2000) . However, reduction in hydropower availability in Lebanon are projected to be low to moderate since fossil fuel power generation capacity is growing faster than hydroelectric capacity. If mitigation of GHG emissions reverses this trend, the country might be highly vulnerable to water flow variations.
At the latitude of the Middle East, ecosystem damage and species loss is expected to be most significant in mountainous regions where vegetation distribution is likely to shift to higher altitudes (IPCC-WGI 1997 , IPCC-WGII 1997 . Hence, insignificant to moderate bioclimatic changes are projected for the studied countries under medium climate change scenarios due to the relatively flat topography of the region. Lebanon and some regions in western Syria are the only areas where such impact can be high due to the mountainous topography and the expected reduction in the areas of many "wet" bioclimatic regions (the Oro-Mediterranean bioclimatic region is one example) that cover large areas in the mountainous regions of the country (UNDP 1999).
Based on ranges reported in literature (IPCC-WGI 1997) , potential reduction in GDP due to climate change was projected for the six countries. Reduction is lowest for Israel and Jordan (1 to 2 percent) due to the small contribution of weather exposed activity to the economy. Syria and Iraq could have significant GDP reduction up to 7 percent due to the important reliance on agriculture and a currently low adaptation capacity. Finally, a detailed assessment of the health implications of water resources vulnerability to climate change would be quite complex; however, it is expected that serious health challenges will arise due to increased temperatures and reduced water availability. Propagation of vector-borne diseases and water-borne will be particularly exacerbated due to higher temperatures and extreme weather events (Patz 1999) . .
➲ A given change in climate will produce different responses in the basins of the Middle East depending on the hydrologic characteristics of each basin. Lack of data about basin characteristics and accurate water balance data hinders the use of advanced hydrologic models.
➲ Baseline predictions are unsure in view of the uncertainty in forecasting socioeconomic, legislative, and water management conditions. Countries that might have low adaptation and mitigation capacity at present might build such capacities at largely different rates.
ADAPTATION MEASURES
When adaptation measures are usually designed or implemented before climate change, they must be flexible enough to perform their designated objectives under a wide variety of future climate conditions (Smith 1996) . Measures that apply to Middle Eastern countries are discussed in the light of the expected increasing stress on water resources in the study region and the potential adverse impacts of climate change. In addition to climate change stress on water resources, water shortages will be exacerbated by population and economic growth. In fact, the baseline scenario predicts a drop in per capita water resources of about 50 percent for the region by 2025. Therefore, most adaptation measures can be qualified as no-regret options. In other words, they would be beneficial regardless of climate change impacts. Moreover, these measures will improve the adaptability of water resources systems to natural variability in climate patterns (Conway and Hulme 1996) .
The main adaptation measures and non-conventional sources of water that can be exploited in the future are summarized in Table 7 . Adoption of any particular adaptation measure will need capital investment, institutional reforms, and capacity building. Institutional reforms should aim at strengthening institutions, removing market distortions, correcting market failure to reflect environmental damage or resource depletion, and promoting public awareness and involvement. Capacity building would be of crucial importance for monitoring and mitigating the impacts on water quality. In addition to technical adaptation measures, improvement of management systems (coordinating use of river basins, inter-basin transfer, etc.) and development of drought or flood contingency planning are essential to minimize climate change impact on water resources. 
CONCLUSION
The potential impacts of climate change on water resources in the Middle East region were presented. Simulations of climate change predictions from several GCMs were used to evaluate impacts on water resources. Climate change is expected to further exacerbate existing water shortages. Although precipitation was not predicted to decrease, temperature increases of 0.6-2.1 °C would impact the water balance and reduce available resources. Similar hydrologic impacts might have different socioeconomic consequences depending on region-specific characteristics. In the context of the Middle East, variations in water resources systems might have significant adverse effects including reduction of Gross Domestic Product, population redistribution, work force shift to alternative economic sectors, etc. Several potential welfare impacts were evaluated. The most critical on the regional scale are expected to be: increased agricultural water demand, water resources distribution equity decline, water quality damage, GDP reduction. Serious health implications and increased propagation of diseases could also result from more extreme weather events and higher temperatures. The indirect impact of climate change on hydraulic structures should not be underestimated in view of potential increases in precipitation intensities and modifications in river flows patterns. Adaptation measures are necessary in view of increased water demand and potential decrease in available water. Most adaptation measures are no-regret options that attempt to develop non-conventional sources of water that can be exploited in the future including use of surplus winter runoff, wastewater reclamation, seawater and brackish water desalination, rainfall enhancement by seeding clouds with silver iodide crystals, and exploitation of submarine springs. Conservation measures, as well as institutional reforms and capacity building, are also needed.
